In primates, neurons sensitive to figure-ground status are located in striate cortex (area V1) and extrastriate cortex (area V2). Although much is known about the anatomical structure and connectivity of the avian visual pathway, the functional organization of the avian brain remains largely unexplored. To pinpoint the areas associated with figure-ground segregation in the avian brain, we used a radioactively labeled glucose analog to compare differences in glucose uptake after figure-ground, color, and shape discriminations. We also included a control group that received food on a variable-interval schedule, but was not required to learn a visual discrimination. Although the discrimination task depended on group assignment, the stimulus displays were identical for all three experimental groups, ensuring that all animals were exposed to the same visual input. Our analysis concentrated on the primary thalamic nucleus associated with visual processing, the nucleus rotundus (Rt), and two nuclei providing regulatory feedback, the pretectum (PT) and the nucleus subpretectalis/interstitio-pretecto-subpretectalis complex (SP/IPS). We found that figure-ground discrimination was associated with strong and nonlateralized activity of Rt and SP/IPS, whereas color discrimination produced strong and lateralized activation in Rt alone. Shape discrimination was associated with lower activity of Rt than in the control group. Taken together, our results suggest that figure-ground discrimination is associated with Rt and that SP/IPS may be a main source of inhibitory control. Thus, figure-ground segregation in the avian brain may occur earlier than in the primate brain.
Introduction
Figure-ground segregation is one of the fundamental processes in intermediate-level vision. Figures correspond to objects that should be attended to, recognized, and acted on, whereas backgrounds correspond to the spaces between objects and should be ignored. Many factors have been identified that determine whether a region will be perceived as figure or ground. For example, smaller regions are more frequently perceived as figures (Rubin, 1915 (Rubin, / 1958 ; regions depicting familiar objects are more likely to be identified as figures (Peterson & Gibson, 1991) ; regions located in the lower part of a display tend to be perceived as figures (Vecera, Vogel, & Woodman, 2002) ; spatial frequency in which high spatial frequency regions are perceived as figures (Klymenko & Weisstein, 1986) ; temporal frequency in which high temporal frequency regions are perceived as figures (Klymenko et al., 1989; Lee & Blake, 1999) ; and synchronous motion in which a region containing elements moving synchronously is perceived as a figure (Frost, Wylie, & Wang, 1990; Kandil & Fahle, 2004) .
In our earlier research, we developed an experimental technique to study figure-ground segregation in nonverbal animals (Castro et al., 2010; Lazareva et al., 2006) . In our task, pigeons are trained to discriminate whether a small yellow target is located on the figural region defined by smaller size and surroundedness or on the background (Fig. 1A) . The location of the target is randomly varied so that it appears equally often on the figure and on the background; therefore, the location of the figure cannot cue the location of the target. In addition, the colors of the figure and the background are randomly varied across trials within sessions so that the task cannot be solved by simply discriminating the specific colors in the immediate vicinity of the target.
In this task (Fig. 1B) , pigeons have to peck the orienting stimulus once in order to initiate the trial. After that, a figure-ground display and the target appear, and the pigeons have to peck the target several times, providing the first measure of pigeons' performance: target detection time (TDT). After completing the target detection response, two choice keys are shown and the pigeons must select one of them, providing two additional perfor-mance measures: choice response time (CRT) and choice accuracy.
All three dependent measures disclosed a privileged status of the figural region: Pigeons were faster to learn the correct report response on figure trials; they were faster to detect the target when it appeared within the figural region; and, they were faster to make a correct choice response on figure trials (Lazareva et al., 2006) . In a series of follow-up tests, we found that the pigeons did not use local cues, such as the distance to the nearest colored edge, to perform this discrimination. Rather, the overall pattern of results suggested that the pigeons were relying on smaller area and surroundedness to perform the figure-ground discrimination. In addition, a subsequent study revealed that pigeons exhibited a more pronounced figural benefit when the figural area was smaller (Castro et al., 2010) . In other words, just like people, pigeons were more likely to assign figural status to a smaller region than to a larger region.
The goal of the present study was to adapt this behavioral technique to explore the metabolic activity of areas associated with figure-ground discrimination in the avian brain. Although much is known about the anatomical structure and connectivity of the avian visual pathways the functional organization of the avian brain remains largely unexplored. Thus, the second goal of our project was to provide insight into the functional role of different brain areas in the avian visual pathway.
In primates, most visual input is processed in the lemnothalamic, or thalamofugal, pathway. Visual input from the retina is transmitted to the lateral geniculate nucleus, a retinotopically organized thalamic nucleus, and then to primary visual cortex (Gallaway, 2004; Sherman & Guillery, 2004) . Several studies have identified cells that are sensitive to figure-ground status or to border ownership status in areas V1 and V2 (Lamme, 1995; Lamme, Zipster, & Spekreijse, 1998; Zhou, Friedman, & Von Der Heydt, 2000 ; see the review by Supér (2012) ). In contrast, most visual information in the avian brain is processed via the collothalamic, or tectofugal pathway (Revzin & Karten, 1967; Shimizu & Bowers, 1999) . Although the mammalian lemnothalamic pathway is evolutionarily homologous to the avian lemnothalamic pathway (Butler & Hodos, 1996) , these pathways are not functionally comparable. Instead, the avian collothalamic pathway appears to be functionally analogous to the mammalian lemnothalamic pathway (Shimizu & Bowers, 1999; Shimizu, Patton, & Husband, 2010) . Fig. 2A provides a simplified diagram of the major brain areas and their projections in the avian collothalamic pathway. Retinal input is transmitted to the contralateral optic tectum (TeO). TeO, in turn, projects to the nucleus rotundus (Rt) in the midbrain. Finally, Rt transmits information to the entopallium located in the forebrain. TeO is a large spherical structure that consists of 15 layers of neurons in which the outer layers maintain a precise retinotopic representation with narrowly tuned receptive fields (Hamdi & Whitteridge, 1954; Jassik-Gerschenfeld & Guichard, 1972) . Deeper tectal layers, however, have progressively wider receptive fields that increase up to 180°in layer 13, the exclusive source of efferent projections to Rt (Frost & DiFranco, 1976; Hellmann & Güntürkün, 2001; Jassik-Gerschenfeld & Guichard, 1972; Karten & Revzin, 1966) .
Retinotopic coding is lost in Rt, the largest thalamic nucleus (Benowitz & Karten, 1976; Hellmann & Güntürkün, 1999) . Instead, information is segregated based on function, with cells in the dorsoanterior region of Rt responding to color, dorsoposterior cells responding to motion, and central region cells responding to changes in luminance (Wang, Jiang, & Frost, 1993) . Selective lesions of Rt produce corresponding deficits: Bilateral lesions of the anterior region impair the discrimination of color but not the direction of motion, whereas the opposite is true of lesions of the posterior region (Laverghetta & Shimizu, 1999) .
In addition to excitatory input from TeO, Rt receives inhibitory projections from several thalamic nuclei, including nucleus subpretectalis, nucleus subpretectalis-caudalis, nucleus interstitiopretecto-subpretectalis, nucleus posteroventralis thalami, nucleus reticularis superior thalami, and the pretectum (Mpodozis et al., 1996) . Of these nuclei, the nucleus subpretectalis/interstitio-pretecto-subpretectalis complex (SP/IPS) together with the pretectum (PT) provide the main source of inhibitory modulation of rotundal activity (Tömböl et al., 1999) . Fig. 2B depicts the main projections between TeO, Rt, SP/IPS, and PT. Rt, SP/IPS, and PT receive collateral excitatory projections from deep layers (layer 13) of TeO (Benowitz & Karten, 1976; Mpodozis et al., 1996) . SP/IPS sends inhibitory pro- jections to Rt and reciprocal inhibitory connections to PT (Theiss, Hellmann, & Güntürkün, 2003) . In turn, PT sends inhibitory projections to the outer layer (layer 5b) of TeO (Wylie et al., 2009) . The outer layers of TeO receive direct projections from the retina and send visual information to deeper layers for further processing. Therefore, the inhibition supplied by PT establishes broad control over visual information processed in deep layers of TeO and it indirectly modulates the activity of SP/IPS.
In our study, we concentrated on analyzing the metabolic activity of Rt, SP/IPS complex, and PT during three visual tasks: figureground discrimination, color discrimination, and shape discrimination. Although it is possible that the deep layers of TeO might be involved in the initial stages of visual processing, it is difficult to pinpoint these areas on the autoradiogram with sufficient precision to produce reliable measurements of metabolic activity. Therefore, the metabolic activity of TeO was not included in this report. By including two additional visual discriminations, shape and color, 1 in addition to figure-ground discrimination, we were able to separate metabolic activity that is unique to figure-ground discrimination from metabolic activity that is associated with the perception of color or shape. Importantly, all three discriminations entailed the same set of visual stimuli; so, although the discrimination tasks themselves were different, all of the discriminationtrained animals were exposed to the same visual input.
Method

Subjects
Twenty-two homing pigeons of both sexes were housed in animal facilities in the Department of Psychology of the University of Iowa. The birds were put on a 12 h light/dark cycle, maintained at 85% of their free-feeding weights by controlled daily feeding, and given grit and water ad lib in their home cages. The pigeons had previously participated in unrelated experiments that did not involve figure-ground, color, or shape discriminations. All procedures were approved by the University of Iowa Institutional Animal Care and Use Committee.
Apparatus
The experiment used 36 Â 36 Â 41 cm operant conditioning chambers detailed by Gibson et al. (2004) . The boxes were located in a dark room with continuous white noise. The stimuli were presented on a 15-in. LCD monitor (NEC MultiSync LCD1550V, Melville, NY, producing 200 cd/m 2 white luminance) located behind
an AccuTouch resistive touch screen (Elo TouchSystems, Fremont, CA). A food cup was centered on the rear wall level with the floor. A food dispenser delivered 45-mg food pellets through a vinyl tube into the cup. A house light (an incandescent 28V-0.1 Amp lamp, Eiko, model 1820, Taiwan, with filament type C-2F producing 20.1 lumens) on the rear wall provided illumination during the session. The illumination provided by the house light and the monitor most likely favored mesopic adaptation. Therefore, the birds have probably employed both rod and cones when seeing the stimulus displays as well as the food items. Each chamber was controlled by an Apple Ò eMac Ò computer. The experimental procedure was programmed in MATLAB Ò (MathWorks, Natick, MA) using Psychtoolbox routines (Brainard, 1997) .
Stimuli and design
The pigeons were randomly assigned to one of three experimental groups (figure-ground discrimination, color discrimination, and shape discrimination, 6 birds in each group) or to the control group (4 birds). One pigeon in the Color group was dropped due to an experimental error and one pigeon in the Shape group never learned the task despite extensive training. So, the final sample for these two groups included 5 birds. All of the pigeons in the three experimental groups viewed identical stimulus displays (Fig. 1A) . Each display contained a rectangle or an oval (height = 2.9 cm, width = 7.2 cm) on a square background (height = 8. choice keys (4.0 cm 2 ) were located to the left and right of the stimulus display. Randomizing the color of figure and background, the location of the figure, the location of the target, and the shape of the figure produced 64 unique displays (2 colors Â 4 figure locations Â 4 target locations Â 2 shapes) used in the color discrimination group and the figure-ground discrimination group. For the shape discrimination group, the trials with a target located outside of figural region were eliminated to encourage the birds to attend to the shape of the figure; therefore, a total of 32 unique displays were possible (2 colors Â 4 object locations Â 2 target locations Â 2 objects) in this case.
Procedure
Acquisition
Fig . 1B illustrates the sequence of events in the course of each training trial that was identical for all experimental groups. At the beginning of a trial, the pigeons were shown a black cross in the center of a white square. Following one peck anywhere on the white display, the training stimulus and the red target simultaneously appeared. The pigeon was required to peck the target button from 4 to 10 times (observing responses). This requirement was adjusted according to the performance of each pigeon. If the bird was consistently pecking, but not meeting the discrimination criterion in a timely fashion, then the number of pecks was increased to make incorrect responses more punishing. We recorded the time from the onset of the stimulus display to the first peck at the target button (target detection time or TDT).
On completion of the observing requirement, the two report keys appeared to the left and right of the stimulus display and the pigeon had to select one of them. We recorded the time from the onset of the report keys to the pigeon's first response (choice reaction time or CRT) as well as choice accuracy.
Although the stimulus displays were identical for all of the experimental groups, the response requirements depended on group assignment. In the Figure- Ground group, the birds had to select one report key if the target was located on the figure and another report key if the target was located on the background. In the Color group, the pigeons had to discriminate whether the target was located on a blue region or on a yellow region and ignore the figure-ground status of that region. Finally, the birds in the Shape group had to discriminate whether the stimulus display contained a rectangle or an oval; both the figure-ground status of the region next to the target and the location of the target or the color in the immediate vicinity of the target were irrelevant for this discrimination.
If the response was correct, then food was delivered and the intertrial interval (ITI) ensued. The ITI randomly ranged from 18 to 21 s. If the report response was incorrect, then the house light darkened and a correction trial was given. On correction trials, the ITI randomly varied from 21 to 24 s. Correction trials were given until the correct report was made. Only the first report response of a trial was scored and used in data analysis, although correction trials were recorded as well. Occasional incomplete sessions were not used in data analysis; such sessions were most likely at the start of training.
For the color discrimination task and the figure-ground discrimination task, each training session comprised 3 blocks of 64 trials for a total of 192 trials. For the shape discrimination task, each training session included 6 blocks of 32 trials, also for a total of 192 trials. In all of the discrimination tasks, the pigeons were required to meet an 85%/80% correct (85% on average and 80% to each of the two categories) criterion for 2 consecutive days.
In the control group, the birds were placed into the operant chamber for 10 consecutive days. During this time, the computer monitor remained black, the house light was turned on, and the bird received 192 food reinforcers delivered on VI-25 schedule. Although the birds in this group did not perform a visual discrimination, they still needed to employ vision to find food pellets in the operant chambers, providing a reasonable control for visual activity associated with food consumption.
2.4.2.
14 C 2-Deoxyglucose procedure To minimize any disruptive effects of i.p. injection on the test day, all birds received at least five i.p. injections of saline during the last week of training. On the day after reaching criterion, the birds received an intra-peritoneal injection (20 lCi/100 g of body weight) of a glucose analog, 2-deoxyglucose (2-DG) radio-labeled with 14 C (American Radiolabeled Chemicals, St. Louis) in 0.3 ml sterile (0.9%) saline. Immediately after the injection, the pigeons were placed into the operant chamber and were required to perform their respective task for 45 min to optimize the uptake of 2-DG. In the control group, the pigeons continued to receive food on VI-25 schedule for 45 min. At the end of this period, all pigeons were quickly decapitated by employing a small animal guillotine. The brains were then extracted and frozen in hexane at a temperature of À37°C. The process of decapitation and brain extraction was completed in less than 2 min to prevent the diffusion of glucose out of the cells. The brains were stored at À80°C until they were sectioned.
Histology
The whole brain was sectioned in the saggital plane in repeated series of seven 40 lm slices, with 5 sections saved for 2-DG analyses, 1 section saved for Nissl staining, and 1 section saved for a different staining not reported here. On average, we obtained 30 series of 7 sections per hemisphere. The sections of tissue that were mounted for 2-DG analysis were exposed to 14 C phosphor screen films along with 14 C standards. These screens were read and digitized by a phosphor imaging system, Cyclone Storage Phosphor System (Perkin Elmer, Chicago). Individual calibration curves were calculated based on the absolute gray levels of 14 C standard from each film. Subsequent measures were conducted using the ImageJ software package (Abramoff, Magalhaes, & Ram, 2004) and then automatically converted to units of nCi/g.
2.4.4.
14 C 2-Deoxyglucose analyses All brain areas of interest were defined by using a stereotaxic atlas (Karten & Hodos, 1967) . For the SP/IPS complex and PT, at least three readings outlining the entire structure were taken from each series of 5 sections. On average, we obtained 18.6 ± 2.7 (M ± SD) readings per hemisphere for SP/IPS and 14.1 ± 1.9 readings per hemisphere for PT.
Although there is evidence for anatomical and functional subdivisions of Rt (the pars dorsalis anterior, the pars centralis, the nucleus triangularis, and the pars posterior; Mpodozis et al., 1996) , these subdivisions were difficult to reliably trace in our study. Previous reports used Cadherin expression or a combination of Giemsa-, Nissl-staining, acethilcholinesterase histochemistry and immohistochemistry to delineate subdivisions of Rt (Becker & Redies, 2003; Marin et al., 2003; Martínez-de-la-Torre, Martínez, & Puelles, 1990; Mpodozis et al., 1996) . Because we only used Nissl staining, the boundaries of the subdivisions of Rt were poorly defined. Therefore, we instead subdivided Rt into anterior and posterior portions by tracing a line through the center of the structure. Thus, our anterior portion included mainly the pars dorsalis anterior and a section of the pars centralis, whereas the posterior portion included the rest of the pars centralis and the pars posterior. The nucleus triangularis, when present, was included in the anterior section as well. At least three readings outlining each portion of Rt were taken from each series of 5 sections, producing an average of 18.7 ± 2.1 readings per hemisphere.
The location and shape of the areas of interest were determined by the Nissl stained section from the corresponding series. Fig. 3 shows a representative autogradiogram from each group together with the corresponding Nissl-stained section that was used to determine the boundaries of the regions of interest. For all brain areas, the readings were averaged across the entire series. Sections in which any tissue was damaged (e.g., tears or bubbles) were not used in the analysis.
To account for individual differences in metabolic activity, readings of white matter were taken from the optic tract and from the white matter of the cerebellum in each hemisphere. The readings from both hemispheres were averaged to produce a single value of the metabolic activity of the white matter for each animal. This value was then used to normalize the mean activity in the brain area of interest on an animal-by-animal basis by calculating the ratio of the activity in the area of interest to the activity of the white matter.
Results
Behavioral data
On average, training lasted 6.0 ± 1.0 (M ± SD) sessions in the Color group, 9.3 ± 2.3 sessions in the Figure-Ground group, and 62.8 ± 31.6 sessions in the Shape group. One-way analysis of variance (ANOVA) with number of sessions to criterion as the dependent variable found a significant main effect of Group, F(2, 12) = 17.60, p < 0.001. A follow-up Tukey test confirmed that birds in the Shape group required significantly more sessions to complete training than did birds in the Color or Figure- Ground groups, which did not differ significantly from each other. Fig. 4 portrays mean accuracy during the two criterion sessions and during the 2-DG injection session. Even after extensive training, average accuracy during criterion sessions was significantly lower in the Shape group (86.8%) than in the Figure-Ground group (90.6%) or the Color group (92.7%). More importantly, a high level of accuracy was maintained during 2-DG injection session, although accuracy in the Shape group appeared to decline slightly.
A mixed-model ANOVA with Time (Criterion, 2-DG) and Group as fixed factors and Bird as a nested random factor found a significant main effect of Group, F(1, 21) = 27.82, p < 0.001. A follow-up Tukey test found that mean accuracy across the three groups could be ordered: Color > Figure-Ground > Shape. The ANOVA also found a significant main effect of Time, F(1, 31) = 13.43, p < 0.001, and a significant Group Â Time interaction, F(2, 2) = 11.52, p < 0.001. Planned comparisons yielded a significant drop in performance in the 2-DG injection session for the Shape group, F(1, 64) = 21.74, p < 0.001, but not in the Figure-Ground or the Color group. Nonetheless, performance in the Shape group during the 2-DG injection session remained significantly above chance (mean of 77.1%, twotailed t-test, t (3) = 14.14, p < 0.001). The Nissl-stained section matches the autoradiograph from the pigeon in Shape group, and approximates the autoradiographs from the other three pigeons. The autoradiographs are approximately 3.5 mm from the midline. Scale bars are 1 mm. Abbreviations: PT-pretectum, SP/IPS-nucleus subpretectalis/nucleus interstitiopretecto-subpretectalis, Rt-nucleus rotundus, FRL-formatio reticularis lateralis mesencephali, SpL-nucleus spiriformis lateralis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) more active than the posterior portion for all four groups and for both hemispheres. Although the main effects of Group and Hemisphere were not significant, Fs < 1, the ANOVA found a significant Hemisphere Â Group interaction, F(1, 3) = 33.5, p < 0.001. Planned contrasts indicated that all three experimental groups had significantly lower metabolic activity in the right hemisphere than the control group, F(1, 16) P 9.1, p 6 0.003. In the left hemisphere, metabolic activity associated with the color and figure-ground discriminations was significantly higher than the control group, F(1, 16) P 6.9, p 6 0.009, whereas metabolic activity associated with the shape discrimination was significantly lower than the control group, F(1, 16) = 70.7, p < 0.0001.
Metabolic activity of Rt
Because we found a different pattern of metabolic activity in the two hemispheres, we also conducted a follow-up Tukey HSD test. The Tukey test indicated that the right Rt was significantly more active than the left Rt in the control group, whereas the opposite pattern was true in the Color group. Metabolic activity in the Shape and Figure-Ground groups was not significantly lateralized. Figure- Ground group compared to the control group, F(1, 16) P 7.4, p 6 0.007, but no significant difference from the control group in the Shape and Color groups, F(1, 16) 6 1.3, p P 0.25. For the right hemisphere, planned contrasts indicated significantly lower metabolic activity in the Color and Shape groups than in control group, F(1, 16) P 13.3, p < 0.0001, whereas metabolic activity in the Figure-Ground group did not differ significantly from the control group, F(1, 16) = 3.6, p = 0.06. Finally, the Tukey HSD test showed that metabolic activity was significantly lateralized in the control group, but not in any of the experimental groups. Fig. 7 separately depicts normalized metabolic activity of PT in the left and right hemispheres for each group. A repeated measures ANOVA with Hemisphere and Group as fixed factors and bird as a nested random factor found a significant main effect of Hemi- sphere, F(1, 16) = 6.39, p = 0.01, indicating that on average metabolic activity was higher in the left hemisphere than in the right hemisphere. The ANOVA also found a significant Hemisphere Â Group interaction, F(1, 3) = 6.98, p < 0.001. Planned contrasts indicated significantly lower metabolic activity in the left hemisphere for the Figure-ground and Shape groups compared to the control group, F(1, 16) P 5.1, p 6 0.02, and no significant difference from the control for Color group, F < 1. For the right hemisphere, planned contrasts showed significantly higher metabolic activity in the Shape group than in the control group, F(1, 16) = 5.7, p = 0.017, and no significant difference from the control for the other two groups, F < 1. Finally, the Tukey HSD test found that metabolic activity was significantly lateralized only in the Color group.
Metabolic activity of SP/IPS complex
Metabolic activity of PT
Discussion
Comparison of metabolic activity in anterior and posterior areas of Rt
We found that metabolic activity was consistently higher in anterior Rt than in posterior Rt in all of the discriminative tasks (cf. Fig. 5A ). Previous research has established that dorsoanterior Rt contains cells that are sensitive to color, central Rt contains cells that are sensitive to overall luminance, and posterior Rt mainly contains cells that are sensitive to motion (Wang, Jiang, & Frost, 1993) . These functionally distinct zones largely correspond to anatomical subdivisions based on differential staining of rotundal regions (Benowitz & Karten, 1976; Martínez-de-la-Torre, Martínez, & Puelles, 1990; Theiss, Hellmann, & Güntürkün, 1998) . It is therefore expected that the three static visual discrimination tasks used in our study (color discrimination, shape discrimination, and figure-ground discrimination) as well as the control group that also processed static visual information (localization of food pellets) would consistently produce higher activity in anterior Rt than in posterior Rt.
Discriminative task differences in metabolic activity
4.2.1. Figure-ground discrimination Table 1 summarizes the pattern of metabolic activity in the three regions of interest: Rt, SP/IPS, and PT. Metabolic activity associated with figure-ground discrimination in the left Rt and in the left SP/IPS was significantly higher than in the control group, and metabolic activity in the left PT was significantly lower than in the control group. This pattern of activity suggests that Rt is sensitive to figure-ground information and that SP/IPS may be a source of inhibitory control for figure-ground discrimination. The increased activity of SP/IPS may be responsible for the decreased activity of PT (cf. Fig. 2B ).
Metabolic activity associated with figure-ground discrimination in the right Rt was significantly lower than in the control group, and it did not differ from the control group in the right SP/IPS and PT. However, metabolic activity in Rt itself was not significantly lateralized. Instead, we observed a significant lateralization in the control group, with much higher activity in the right hemisphere than in the left hemisphere for Rt and SP/IPS and the opposite pattern for PT. Overall, the increased activity of Rt and SP/IPS after the figure-ground discrimination suggests that Rt may be a key processing structure associated with figure-ground segregation, whereas SP/IPS may be a main source of inhibitory control.
Prior research has suggested that many complex visual tasks are predominantly governed by the left hemisphere (see Ghirlanda, Frasnelli, and Vallortigara (2009), Güntürkün (2012) and Rogers and Andrew (2002) for reviews). In contrast, we found no significant lateralization associated with figure-ground discrimination in any of the explored brain structures. One possible explanation for this lack of lateralization is that pigeons may predominantly use the dominant eye to perceive the image in the figure-ground discrimination task and then employ the contralateral Rt in addition to the ipsilateral Rt to analyze this information, possibly to quickly obtain information about the figural status of regions in the visual field. The connection between contralateral TeO and ipsilateral Rt has been previously described and the function of this connection has been extensively debated (Bischof & Niemann, 1990; Engelage & Bischof, 1988; Valencia-Alfonso, Verhaal, & Güntürkün, 2009; Voss & Bischof, 2003) . Moreover, Schmidt and Bischof (2001) found that neurons in Rt respond significantly faster to bilateral information than to ipsilateral information alone.
On the other hand, figure-ground segregation in humans is associated with depth perception: Specifically, figures are perceived as being closer to the observer than grounds (Rubin, 1915 (Rubin, /1958 ; see also Vecera & Palmer, 2006 ). Although we currently have no direct behavioral evidence supporting this proposal, it is reasonable to expect that figure-ground segregation in pigeons is also associated with depth perception. In this case, the lack of lateralization is anticipated as depth perception involves comparing visual input from both eyes. Further research is necessary to explore these possibilities.
Prior studies have consistently found predominant use of the right eye (and, consequently, the left hemisphere) in feeding situations for several avian species (Alonso, 1998; Güntürkün & Kesch, 1987; Mench & Andrew, 1986) . In contrast, we found higher metabolic activity in right Rt and SP/IPS for the control group that received food on a VI-25 schedule. However, in all prior studies, birds had to discriminate grains from pebbles or beads of similar color and diameter, thereby making this task similar to a visual color and/or shape discrimination. In our study, pigeons simply had to consume pellets from the feeder. A possible explanation for this disagreement is that feeding per se may rely on the right hemisphere unless it requires discriminating food items from non-food items.
Color discrimination
Unlike figure-ground discrimination, metabolic activity after color discrimination was strongly lateralized, with higher activity of Rt in the left hemisphere than in the right hemisphere. This lateralization is consistent with behavioral data indicating that pigeons prefer to use the right eye (and, consequently, the left hemisphere) when discriminating colors (Valencia-Alfonso, Verhaal, & Güntürkün, 2009; Verhaal et al., 2012) . More importantly, although the left Rt was significantly more active than the control group when discriminating color, activity in the left SP/IPS and PT was not significantly different from the control group (cf. Table 1) . In other words, we found no evidence of inhibitory control associ- Table 1 Metabolic activity in nucleus rotundus (Rt), nucleus subpretectalis/interstitiopretecto-subpretectalis (SP/IPS), and pretectum (PT) associated with the three discriminative tasks in comparison to the control group. An upward arrow indicates significantly higher activity than control; a downward arrow indicates significantly lower activity than control; an equal sign indicates no difference from control; and the letter L indicates that activity in this hemisphere is significantly higher than in the opposite hemisphere.
Hemisphere
Region Discriminative task
ated with the color discrimination task. It is therefore possible that, despite the presence of cells sensitive to color (Wang, Jiang, & Frost, 1993) , Rt is not directly involved in color discrimination.
Shape discrimination
As Table 1 shows, metabolic activity of Rt after shape discrimination was significantly lower than in the control group in both hemispheres, whereas metabolic activity of SP/IPS was either lower than the control group or did not differ from the control group. In contrast, PT activity was significantly higher than the control group in the right hemisphere, but significantly lower than the control group in the left hemisphere. Taken together, these results suggest that Rt is unlikely to be involved in shape discrimination. The decreased activity of Rt and SP/IPS could be due to inhibitory feedback from higher-level brain structures. As Fig. 2A illustrates, Rt sends excitatory projects to entopallium which in turn sends excitatory projects to several areas of arcopallium (Husband & Shimizu, 1999) . These areas send regulatory feedback projections back to both outer and deeper layers of the TeO (Karten et al., 1973) , which could be responsible for lower activity of Rt and SP/ IPS during the shape discrimination task.
The reason for increased activity in the right PT is currently unclear. PT receives projections from telencephalic brain areas such as the Wulst (Crowder, Dickson, & Wylie, 2004) as well as direct projections from the retina (Wylie et al., 2009) . The presence of multiple PT afferents makes interpretation of the metabolic activity of the area difficult. It is clear, however, that shape discrimination is associated with a distinctively different pattern of activation than figure-ground discrimination. Given the overall low metabolic activity of Rt and SP/IPS associated with shape discrimination and the regulatory role of PT, we suspect that increased activity in PT could be produced by feedback input from telencephalic structures rather than reflect a critical role of PT in the shape discrimination task. It is therefore likely that shape discrimination occurs at later stages of visual processing, possibly in entopallium.
Conclusion
Our results indicate that Rt is likely to be the key structure of the avian brain that is involved in figure-ground segregation defined by static cues. In primates, neurons sensitive to figureground status are located in areas V1 and V2 (Lamme, 1995; Lamme, Zipster, & Spekreijse, 1998; Zhou, Friedman, & Von Der Heydt, 2000 ; see a review by Supér (2012) ). In contrast, our results suggest that figure-ground segregation based on area and surroundedness may occur at the thalamic level in birds.
Our findings should not be taken to imply that the collothalamic pathway operates independently of the lemnothalamic pathway. Indeed, several areas of the avian lemnothalamic pathway such as the Wulst send projections to the areas of the collothalamic pathway such as PT and TeO (Bagnoli, Grassi, & Magni, 1980; Crowder, Dickson, & Wylie, 2004; Nixdorf & Bischof, 1982) . Although the exact function of the Wulst remains unclear, some reports indicate that lesions in the Wulst cause deficits in tasks requiring top-down regulation such as reversal learning (Chaves & Hodos, 1998; Powers, 1989; Shimizu & Hodos, 1989; Stettner & Schultz, 1967) . Moreover, Bingman, Gasser, and Colombo (2008) reported that Wulst neurons may respond to reward properties of the stimuli in addition to their visual features. It is thus possible that the Wulst may be involved in the modulation of figure-ground discrimination based on top-down cues such as familiarity (e.g., Peterson, 1994) instead of bottom-up cues such as smaller area and surroundedness used in our study.
In this study, we chose to use the classical static figure-ground cues described by Rubin (1915 Rubin ( /1958 ) such as smaller area and surroundedness. Although our study suggests that Rt and SP/IPS are involved in figure-ground discrimination based on static cues, it remains to be seen whether the same areas are activated when figure-ground discrimination is based on dynamic cues such as synchronous motion. Indeed, several reports suggest that neurons in deeper layers of TeO are sensitive to relative motion. For example, Frost and Nakayama (1983) found that deep tectal neurons show maximal responding when a small area in a random-dot kinematogram moved in the opposite direction to the background (see also Frost, Cavanagh, & Morgan, 1988; Frost, Wylie, & Wang, 1990 ; reviewed by Wylie and Iwaniuk (2012) ). It is possible that TeO is involved in figure-ground segregation defined by motion cues, as these situations are likely to involve moving objects that demand a very rapid behavioral response; on the other hand, figure-ground segregation defined by static cues may depend primarily on Rt. Future research is needed to address this possibility. In any case, it is clear that figure-ground segregation in avian brain occurs significantly earlier than in primate brain.
